di-GMP, respectively. The role of c-di-GMP in the plant pathogen and causal agent of fire blight 23 disease, Erwinia amylovora, has not been previously studied. Here, we demonstrate that three 24 of the five predicted DGCs (named Erwinia diguanylate cyclase) in E. amylovora, edcA, edcC, 25 and edcE are active diguanylate cyclases. We show that c-di-GMP positively regulates secretion 
Introduction

38
Erwinia amylovora is the causal agent of fire blight and a devastating phytopathogen that 39 infects plant species of the family Rosaceae, most notably apple and pear trees [1] . E. 40 amylovora can infect flowers, fruits, actively-growing shoots, and rootstock crowns [2] . During plugs these tubes restricting water flow. [6, 7] . E. amylovora secretes two distinct EPSs, 49 amylovoran and levan that both contribute to plant infection [6] . Amylovoran is an acidic 50 polysaccharide composed of repeating units of galactose and glucuronic acid [8] [9] [10] , while 51 levan is a homopolymer of fructose residues synthesized from sucrose by the secreted enzyme 52 levansucrase [11] . Biofilm formation by E. amylovora is required for effective colonization of 53 host xylem tissues, exit of pathogen cells from infected leaves into host stems, and systemic 54 spread within trees [6, 7] . The impact of biofilm formation in xylem colonization has also been 55 noted in several plant pathogens including Clavibacter michiganensis, Pantoea stewartii, and 56
Materials and Methods
82
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in 83 this study are listed in Table 1 . Unless otherwise mentioned, E. amylovora strain Ea1189 and E. 84 coli strains were grown in Luria-Bertani (LB) broth and plates at 28°C and 37°C, respectively. 85 Amylovoran secretion assays for wild type (WT) and mutant strains were conducted in MBMA 86 medium (3 g KH 2 PO 4 , 7 g K 2 HPO 4 , 1 g (NH 4 ) 2 SO 4 , 2 mL glycerol, 0.5 g citric acid, 0.03 g MgSO 4 87 per liter) amended with 1% sorbitol, or for the overexpression strains, in 3:1 MBMA:LB. For 88 biofilm formation assays, WT, mutant, and overexpression strains were grown in 0.5x LB 89 medium. Media were amended with kanamycin (Km; 100 g/mL), ampicillin (Ap; 100 g/mL), 90 chloramphenicol (Cm; 10 g/mL), tetracycline (Tet; 10 g/mL) or gentamicin (Gm; 10 g/mL) as 91 necessary. 92 93 DNA Manipulations. DNA manipulations were performed using standard techniques [22] . The 94 E. amylovora genome sequence was obtained from GenBank (FN666575) [23] . Native DGCs 95 were amplified from E. amylovora Ea1189 genomic DNA using the primers described in Table 2,   96 digested with restriction enzymes, and cloned into the plasmid pEVS143 [24] to generate 97 Isopropyl -D1-thiogalactopyranoside (IPTG)-inducible overexpression plasmids.
99
Insertional mutagenesis and complementation. Chromosomal mutation of each gene 100 predicted to be involved in c-di-GMP synthesis was carried out as previously described [7, 25] . 101 Briefly, the 1.1 kb chloramphenicol resistance (Cm centrifugation of 5 mL of cells in 35 mL polystyrene centrifuge tubes at 4°C for 10 min at 8000 g.
135
The supernatant was removed and the pellet was resuspended with 1 mL PBS and transferred 136 to a fresh 1.5 mL polystyrene Eppendorf tube. The cell suspension was centrifuged at 10000 x g 137 for 1 minute and the PBS was removed by aspiration. The cells were then lysed with 0. Three of the E. amylovora DGCs synthesize c-di-GMP.
238
To determine if the putative DGCs mentioned above can synthesize c-di-GMP, we C-di-GMP negatively regulates swimming motility in E. amylovora.
257
Swimming motility in most plant pathogenic bacteria including E. amylovora is facilitated by the repress motility ( Fig. 2A) , even though overexpression of this enzyme in liquid media generated 266 a higher concentration of c-di-GMP than EdcE (Table 3) . (Table 3) . We hypothesized that mutation of these DGCs will 275 decrease the intracellular concentration of c-di-GMP leading to increased motility. In support 276 of this hypothesis, mutation of edcC and edcE significantly increased motility compared with 277 the WT strain whereas a double mutation of both edcC and edcE had an even greater increase 278 in motility (Fig. 2B) Growth inhibition caused by c-di-GMP overproduction has been observed in both E. coli and
293
Vibrio cholerae [32, 51] . It is important to note that c-di-GMP only impacted the growth of E.
294 amylovora in MBMA medium and thus does not impact the interpretation of the other 295 experiments described here. We determined that a medium containing three parts MBMA and one part LB medium did not exhibit c-di-GMP-dependent growth inhibition upon 297 overexpression of DGCs, and this medium was used for the studies presented in Fig. 3A . As 298 expected, the negative control ams strain was deficient in amylovoran production (Fig. 3A) .
299
Overexpression of QrgB, EdcC and EdcE led to significantly increased levels of amylovoran 300 production compared with the WT empty vector and QrgB* negative controls (Fig. 3A) the edcCE double mutant produced a significantly larger area of necrosis (Fig 5A and B) . In 347 accordance with our previous results, mutation of edcA had no significant effect as the area of (Fig. 6) Moreover, regulatory elements of T3SS expression negatively control the production of WT, deletion mutants and corresponding complemented strains were grown in MBMA medium amended with 1% sorbitol for 48 hr at 28⁰C. The complemented gene was expressed from a plasmid as indicated with a "p". Amylovoran production was quantified using the turbidometric CPC-binding assay, with the values normalized to the cell density. The Ea1189Dams mutant is deficient in amylovoran production and was used as a negative control. Data shown represent three biological replicates and the error bars indicate the standard error of the mean. Different letters above bars denote statistically significant differences of the means (Student's t test, P< 0.05). 
